Lithium Isotope Fingerprints in Coal and Coal Combustion Residuals from the United States  by Harkness, Jennifer S. et al.
 Procedia Earth and Planetary Science  13 ( 2015 )  134 – 137 
1878-5220 © 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the scientific committee of AIG-11
doi: 10.1016/j.proeps.2015.07.032 
Available online at www.sciencedirect.com
ScienceDirect
11th Applied Isotope Geochemistry Conference, AIG-11 BRGM 
Lithium isotope fingerprints in coal and coal combustion residuals 
from the United States.  
Jennifer S. Harknessa, Laura S. Ruhlb, Romain Millotc, Wolfram Kloppmanc, James C. 
Howerd, Helen Hsu-Kime, Avner Vengosha* 
aDivsion of Earth and Ocean Sciences, Duke University, Durham, NC 27708 USA 
bDepartment of Earth Sciences, University of Arkansas at Little Rock,  Little Rock, AR 72204 USA 
cBRGM, French Geological Survey, Laboratory Division, Orléans cedex 2, France F-45060 
dDepartment of Earth and Environmental Sciences, University of Kentucky, Lexington, KY 40506 USA 
e Civil and Environmental Engineering, Duke University, Durham, NC 27708 USA 
Abstract 
Coal is a major energy source worldwide and is a large fraction of the total energy production in the US.  The disposal of coal 
combustion residuals (CCRs) into landfills and surface impoundments present an environmental challenge given the high levels 
of toxic metals in CCRs that are highly mobile into the aquatic phase. Here we present the lithium isotope composition of coals 
and CCRs originated from several U.S. basins. δ7Li values in CCR leachates from the Appalachian Basin, the Illinois Basin and 
the Powder River Basin vary from -7‰ to +12.8‰, with an average of ±1.6±5.0‰. CCR’s from the Powder River Basin had a 
higher δ7Li of 7.6±5.4‰ compared to the Appalachian and Illinois Basins  (+0.3±6.6‰ and -0.1±1.3‰, respectively). Effluents 
from six coal ash ponds in North Carolina show a similar range in lithium isotopes (δ7Li = -6.2 to +8.7‰) suggesting limited 
lithium isotope fractionation during storage in surface impoundment. We show that lithium isotopes, particularly when coupled 
with boron isotopes, could distinguish CCR contaminants from oil and gas wastewater, including conventional produced waters 
and hydraulic fracturing fluids. 
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1. Introduction 
In spite of the rise of unconventional energy resources, coal is still a major energy source and consists 
about 37% of the total energy production in the US.1 Both surface (i.e., mountaintop) and subsurface coal mining 
results in water quality degradation due to the formation of metal-rich acid mine drainage and alkaline effluents that 
enhance selenium mobilization, respectively.2,3 The unregulated disposal of coal combustion residues also generates 
water contamination.4-6 In some areas, such as WV, the legacy of coal mining and conventional oil and gas 
exploration coexist with recent unconventional shale gas drilling.  
Isotopes are useful tracers of contamination in groundwater because they are sensitive to mixing of small 
(<1%) of contaminated fluids into freshwater. In addition, multi-isotope systems have been applied to distinguish 
between different source waters. In particular, boron, strontium, and sulfur isotopes have been successfully applied 
in attempts to delineate coal related contamination in the environment.7,8 Lithium isotopes, especially when 
combined with boron or strontium isotopes, could be a powerful tool to delineate coal ash contamination in areas 
impacted by other industries, including oil and gas activity.  
This study aims to characterize the lithium isotope variations of coal and coal combustion residuals 
(CCRs), as well as the isotope signature of effluents originated from coal ash ponds in North Carolina. In order to 
evaluate the efficacy of lithium isotopes as a potential tracer for CCR contamination, we combined boron and 
lithium isotopes to show that the lithium and boron isotope signatures of CCRs are distinct from other contamination 
sources such as oil and gas wastewaters and also different from the composition of most natural waters.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 1. Map of  major coal U.S. coal basins. The color of each basin corresponds to the region (Eastern, Midwestern or 
Western). Sources basins for the coal analysed this in this study are outlined in black.  
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2. Methods 
Coal and fly ash samples were collected from 
coal-fired power and steam plants burning coals from the 
Appalachian, Illinois, and Powder River Basins in the 
U.S. (Figure 1). CCR samples were provided by 
Tennessee Valley Authority ( coal plants John Sevier, 
Bull Run, and Kingston), Duke University Steam Plant, 
and Jim Hower of the University of Kentucky. Effluents 
samples from outfalls of coal ash effluent were collected 
from Hyco Lake, Mayo Lake, Lake Norman, Mountain 
Island Lake, Lake Wylie, Dan River and the French Broad 
River in North Carolina. 
Coal and coal combustion residuals were leached 
with DI water and analyzed for inorganic chemistry and 
isotopes according to EPA Method 1316. Lithium isotopes 
were measured by using the Neptune MC-ICP-MS in 
BRGM, France. 7Li/6Li ratios were normalized to the L-
SVEC standard solution (NIST SRM 8545)9 and 
presented as δ7Li. Long-term replicate measurements of 
NIST SRM 8545 standard yielded a precision of 0.5‰.  
3. Results  
 Lithium isotopes were measured in leaching solutions extracted from CCRs and coals originated from the 
Appalachian Basin, Illinois Basin, and Powder River Basin. The δ7Li values vary from -7 to +12.8‰, with an 
average of +1.6‰ for all CCRs effluents. CCRs from the Powder River Basin (n=3) had elevated δ7Li (mean = 
+7.6±5.4‰) relative to the Appalachian (n=7) and the Illinois Basins (n=7) (+0.3‰± 6.6 and -0.1‰±1.2, 
respectively; Fig. 1). Leaching 
of unprocessed coals (n=3) from 
the Appalachian Basin yielded a 
mean δ7Li of +6.0±6.1‰. In 
addition, effluents were 
collected from six coal ash 
ponds in North Carolina that 
store CCRs from coal plants 
burning Appalachian coals. The 
effluents showed a δ7Li range of 
-6.2 to +8.7‰, which is similar 
to the CCR leaching results and 
suggesting a limited isotope 
fractionation of lithium during 
storage in surface 
impoundments.  
The integration of lithium and boron isotopes7 provides a unique tool for distinguishing CCR contaminants 
from oil and gas wastewater, including 
conventional produced waters and 
hydraulic fracturing flowback fluids. 
Both coals and CCRs have lower δ7Li 
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i
Figure 2. Range of lithium isotope ratios for coal ash from different 
regions in the U.S. Box plot represents the median (bold line), the 
top and bottom of the box present the first and third quartiles, 
respectively and the whiskers represent the maximum and minimum 
values. Coal ash from the west basin has elevated δ7Li (mean = 
7.6‰, n=3) compared to the Mid-West (mean=-0.1‰, n=7) and 
East (mean = 0.3‰, n=7) basins. Total range of lithium isotopes is -
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Figure 3. Boron and lithium isotopes for coal and coal combustion residual leachates and 
effluents compared to other fossil fuel- associated waters. Coal products and the resulting 
discharged effluents are isotopically distinct from oil and gas related waters, which makes boron 
and lithium isotopes useful tools to fingerprint fossil fuel contaminations sources. Boron values of 
CCRs and coal from Ruhl et al. (2014)7 and isotopes values for Marchellus FF and conventional 
PW from Warner et al. (2013).10  
137 Jennifer S. Harkness et al. /  Procedia Earth and Planetary Science  13 ( 2015 )  134 – 137 
and δ11B values compared to oil and gas wastewaters10 as well as oil sands process-affected water (Figure 2).  
4. Conclusions 
Both experimental leaching and field data reveal that coals and CCRs are characterized by a distinctive 
lithium isotope signature, which could be useful for tracing contaminated waters in the environment. The relatively 
low δ7Li values in coals and CCRs are associated with also low δ11B, which together could be applied to evaluate 
and quantify contributions of effluents from coal ponds in receiving waters. The multi-isotope approach is 
particularly useful when distinguishing between more than two sources. Coal ash ponds and coal mining are often 
located in areas where other fossil fuel developments are taking place. For example, the rapid rise of hydraulic 
fracturing in the Marcellus Basin has raised concerns about impact on water quality in areas near shale gas 
development. Given the long legacy of contamination from subsurface and surface mining in some areas there is a 
need for a robust tool for distinguishing between old and new contamination. Isotope fingerprints of different fossil 
fuel-impacted water sources could be a valuable tool for delineating these different sources and determining their 
differential impact on water resources.  
 
5. Acknowledgements  
Funding for this project was provided by NSF CBET-1235661for this study. Gary Dwyer, A.J. Kondash and Nancy 
Lauer assisted with processing and analysis of samples. We would also like to thank our academic colleagues and 
government agencies that provided samples of coal and combustion products.  
 
6. References 
1. USEIA. Annual Energy Outlook 2014. U.S. Department of Energy 2014.  
2. Lindberg TT, Bernhardt ES, Bier R, Helton AM, Merola, RB, Vengosh A.  Cumulative impacts of mountaintop mining on an Appalachina   
     watershed. PNAS 2011;108:20929-20934The art of writing a scientific article. J Sci Commun 2000;163:51-9. 
3. Blowes DW, Ptacek CJ, Jambor JL, Weisner CG. The geochemistry of acid mine drainage. Treatise on geochemistry. 2003;9:149-204 
4. Ruhl LS, Vengosh A, Dwyer GS, Hsu-Kim H, Schwartz G, Romanski A, Smith SD. The impact of coal combustion residue effluent on water 
resources: a North Carolina example. Environ. Sci. Tech. 2012; 46:12226-12233. 
5.Liu Y-T, Chen T-Y, Mackebee WG, Ruhl LS, Vengosh A, Hsu-Kim H. Selenium speciation in coal ash spilled at the Tennessee Valley       
Authority Kingston site. Environ. Sci. Tech. 2013;47:14001-14009. 
6. Deonarine A, Bartov G, Johnson TM, Ruhl LS, Vengosh A, Hsu-Kim H. Environmental impacts of Tennessee Valley Authority Kingson coal 
ash spill: 2. Effect of coal ash methylmercury in historically contaminated river sediments. Environ. Sci. Tech. 2013;47:2100-2108. 
7. Ruhl LS, Dwyer GS, Hsu-Kim H, Hower JC, Vengosh A. Boron and strontium isotopic characterization of coal combustion residuals: 
validation of new environmental tracers. Environ. Sci. Tech. 2014;48:14790-14798. 
8. Vengosh A, Lindberg TT, Merola BR, Ruhl L, Warner NR, White A, Dwyer GS, Di Giulio RT. Isotopic imprints of mountaintop minig 
contaminants. Environ. Sci. Tech. 2013;47:10041-10048.  
9. Millot R. Accurate and high-precision measurement of lithium isotopes in two reference materials by MC-ICP-MS. Geostandards newsletter 
2004;28:153-150. 
10. Warner NR, Darrah TH, Jackson RB, Millot R, Kloppman W, Vengosh A. New Tracers identify hydraulic fracturing fluids and accidental 
release from oil and gas operations. Environ. Sci Tech. 2014;48:12552-12560. 
